The origin of the very young (0.5 Ma to 1721 AD) Wudalianchi-Erkeshan (WDLC and EKS) highly potassic basalts in northeast (NE) China has been the subject of considerable debate. In this study, we present new major-, traceand platinum group element (PGE) data together with Re-Os, Lu-Hf, and Sr-Nd isotopic analyses for these potassic basalts in order to further constrain their source. It has been shown that the WDLC and EKS basalts have unradiogenic to only moderately radiogenic osmium isotope ratios with Os and 1/Os suggests that these basalts have probably experienced about 2-8% of lower continental crust addition during magma ascent. On the other hand, the incorporation of sub-continental lithospheric mantle (SCLM)-derived, primary sulphides and/or PGE micro-alloys during magma ascent seems likely in some basalts, which preserve particularly unradiogenic Os compositions. The complex interplay of signatures derived from crustal and SCLM contamination means that the Os isotope systematics of the basalts do not unequivocally fingerprint the source of the WDLC and EKS basalts. The strong enrichments of light rare earth elements (LREE) and large ion lithophile elements (LILE), high-K, EM1-like Sr-Nd-Hf isotopic characteristics, and particularly strong fractionation of the heavy REE ((Sm/Yb) N = 9.7 ± 0.6), suggest that the WDLC and EKS basalts mainly originated from phlogopitebearing garnet-peridotite in the SCLM. Combined with low Ce/Pb ratios (~9.4-13.5), the most likely source of WDLC and EKS basalts is SCLM that has been metasomatized by delaminated old, lower continental crust. This is different from previous hypotheses that implicate a dominantly asthenospheric source with a contribution from delaminated ancient SCLM or subducted oceanic crust with sediments, or a SCLM source that has been metasomatized by melts derived from deep asthenosphere during the Proterozoic.
Introduction
Cenozoic volcanic rocks, predominantly alkaline basalts, are widely distributed in Northeastern China (NE China) (Fig. 1) , and form an important part of the West Pacific volcanic zone (e.g., Zhang et al., 1991 Zhang et al., , 1995 Zhang et al., , 1998 Zhang et al., , 2000 Zou et al., 2000; Liu et al., 2001; Zou et al., 2003; Choi et al., 2006; Chen et al., 2007; Yan and Zhao, 2008) . However, their petrogenesis remains equivocal, despite numerous detailed prior investigations of the area. Interpreting the significance of the composition of Cenozoic alkaline basalts from NE China is further complicated by the complex and varying structure for the mantle beneath this region, as suggested by earlier studies (e.g., Zhang et al., 2000; Zou et al., 2000 Zou et al., , 2003 Choi et al., 2006; Chen et al., 2007; Yan and Zhao, 2008; Zhang et al., 2011). trace elemental fingerprint, which resembles an EM1 mantle component, it has been suggested that the WEK potassic basalts were produced by small-degree (5-7%) melting of ancient SCLM, which has subsequently been overprinted by Proterozoic metasomatism after its formation (Zhang et al., 1995 (Zhang et al., , 1998 (Zhang et al., , 2000 . A phlogopite-bearing garnet peridotite source within the 120 km thick lithosphere at this locality has been suggested as a probable source (Zou et al., 2003) ; (ii) Based upon the similarities in incompatible trace element concentrations with OIB, Choi et al. (2006) argued that the WEK basalts originated in the shallow asthenosphere which contains fragments of delaminated SCLM from the eastern North China Craton (NCC). The likely presence of "plum-pudding" mantle (e.g., Phipps Morgan and Morgan, 1999) beneath NE China (Flower et al., 1998) and basaltic Sr-Nd-Pb-Hf isotopic characteristics resembling a DMM-EM1 array have been cited as strong evidence against a SCLM origin for the WEK basalts (Choi et al., 2006) ; (iii) Mixing FOZO (Focal Zone; Hart et al., 1992) and LoMu (low U/Pb; Douglass et al., 1999 ) mantle sources, instead of an EM1-like SCLM mantle source, has been advocated by Chen et al. (2007) ; (iv) More recently, Kuritani et al. (2013) argued that the WDLC and EKS basalts originated from a mantle transition zone which has been metasomatized by K-rich sediment-derived fluids~1.5 Ga ago, through the stagnation of an ancient slab.
In addition, although wholesale contamination of the WDLC and EKS basalts by the upper crust can largely be discounted, based on trace elemental and Sr-Nd-Pb isotopic results (Zhang et al., 1995 (Zhang et al., , 1998 Zou et al., 2003) , previous studies have not been able to unequivocally exclude the possible influence of less evolved lower crust in the petrogenesis of the WDLC and EKS basalts (Zhang et al., 1995 (Zhang et al., , 1998 Zou et al., 2003) . Unlike the lithophile-element based Sr-Nd-Pb isotope systems, Os isotopes can be particularly sensitive to crustal contamination which generates isotope ratios that are distinct from those of mantle sources (e.g., Chesley and Ruiz, 1998; McBride et al., 2001; Chesley et al., 2004; Jung et al., 2011) . Basaltic melt, contaminated during its ascent through old continental crust, should develop a radiogenic Os isotopic signature. In contrast, basalts originated from an enriched old lithospheric mantle source would retain unradiogenic to only moderately radiogenic Os isotopic compositions (e.g., McBride et al., 2001; Chesley et al., 2004; Rudnick and Walker, 2009 ). Therefore, Re-Os isotopes, together with PGE elemental abundances can provide important constraints on the relative involvement of crustal materials in the petrogenesis of the very young WDLC and EKS basalts.
Accordingly, this study presents new major-, trace-and platinum group element (PGE) abundances together with Os, Hf and Sr-Nd isotopic data, for the WDLC and EKS potassic basalts to further constrain their origin and the nature of the underlying SCLM. Since the nearby Keluo basalts contain abundant mantle xenocrysts, they have not been investigated for Re-Os isotopes and PGE geochemistry here. Based upon new analyses, it seems likely that the WDLC and EKS basalts were mainly generated in SCLM which has been metasomatized by recycled old lower continental crust materials. Although crustal contamination during magma ascent has not materially affected the elemental abundances of incompatible, lithophile elements and the Sr-Nd-Hf isotope systems, evidence for low degrees of lower crustal contamination is preserved in some basalts with particularly low Os abundances.
Geological background and sample descriptions
The XMOB, part of the Central Asian Orogenic Belt (CAOB), is a composite fold belt more than 1500 km wide, formed during a long period (Paleozoic to early Mesozoic) of subduction and collision between the Siberian Craton in the north and the NCC in the south (Sengör et al., 1993) . The potassic basalts of the WEK field, located in XMOB (Fig. 1) , are distributed over an area of N1400 km 2 . Among them, the WDLC and EKS potassic basalts were erupted from about 0.5 Ma ago onwards (Zhang et al., 1995; Liu et al., 2001) . Two of the Wudalianchi cones, Laoheishan and Huoshaoshan, erupted during 1719-1721 AD, according to the Qing Dynasty Records (Zou et al., 2003) . The potassic rocks consist mainly of olivine leucitite and leucite basanite.
The samples studied here were collected from lava flows related to the eruptions of Laoheishan (LHS) (1721 AD), Huoshaoshan (HSS) (1721 AD) and Yaoquanshan (YQ) (0.25 Ma, Zhang et al., 1995) from the Wudalianchi volcanic area, and lava flows related to the Erkeshan eruption (0.56 Ma, Liu et al., 2001 ) from the Kedong (KD) volcanic area (Fig. 1) . The sample locations (latitude and longitude) are listed in Table 1 . The detailed descriptions of the samples and petrography of some representative samples are shown in the electronic supplement (Appendix 1). Chen et al., 2007) , in which the Cenozoic basalts, Great Xing'an Ranges, Songliao Basin and the locations of the Wudalianchi, Erkeshan and Keluo volcanic rocks are shown. Dashed line is the approximate boundary between the North China Craton (NCC) and Xing'an Mongolian Orogenic Belt (XMOB); Abbreviations of volcanic fields are as follows: WDLC (Wudalianchi), KD (Kedong), KL (Keluo) and HNB (Hannuoba).
Analytical methods
The rock samples were first sawn into chips, and surface contamination was completely removed during this step. The samples were then further split into small chips using a hammer wrapped in soft cloth. Small chips devoid of surface alteration and mantle or/and crustal xenocrysts, were chosen and cleaned with 10% hydrochloric acid in an ultrasonic bath for about half an hour. After ultrasonification, the chips were cleaned three times with deionized water. Subsequently, selected rock chips were crushed using an alumina ceramic jaw crusher, and then were ground into a fine powder in agate shatter-boxes. This produced 20-30 g of powder for each sample.
Elemental analysis
Major element data for whole-rock samples were obtained by Xray fluorescence spectrometry (XRF) on fused glass disks using an Axios-Minerals instrument at the Institute of Geology and Geophysics, Chinese Academy of Sciences (IGGCAS), following the procedures of Chu et al. (2009) . Precision is 1-3% RSD for elements Trace element concentrations, including the rare earth elements (REE), were determined by inductively coupled plasma mass spectrometry (ICP-MS) using an Agilent 7500a system at IGGCAS, following the procedures described in Chu et al. (2009) . Basalt reference materials BHVO-2 and BCR-2 were measured to monitor the accuracy of the analytical procedure, and the results are in good agreement with reference values (GeoREM, http://georem.mpch-mainz.gwdg.de/) ( Table 1) .
Precision is generally better than 3% for most elements based on replicate analyses of several samples.
Sulfur concentrations were determined at the National Research Center for Geoanalysis, Chinese Academy of Geological Sciences, using a highfrequency infrared absorption spectrometer (HIR-944B, Wuxi High-speed Analyzer Co., Ltd., China), following the procedures described in Chu et al. (2009) Nd = 0.512117 ± 10 (2 SD, n = 8), respectively. Lutetium and Hf were measured using a Thermo-Fisher Neptune multicollector ICP-MS system (Yang et al., 2010 Lu isotopic ratios were normalized using Yb isotopic ratios. During the analytical session, an Alfa Hf standard was measured 9 times and the average value of 176 Hf/ 177 Hf was 0.282181 ± 5 (2 SD). The USGS basalt reference materials BCR-2 and BHVO-2 were measured for Rb-Sr, Sm-Nd and Lu-Hf isotopic composition to monitor the accuracy of the analytical procedures; the results are in excellent agreement with the reported reference values (GeoREM, http://georem.mpch-mainz.gwdg.de/) ( Table 2 ). The procedural blanks were about 40 pg for Rb, 300 pg for Sr, 20 pg for Sm, 60 pg for Nd, 10 pg for Lu and 40 pg for Hf, respectively.
Re-Os and PGE analyses
Re-Os isotopic compositions and PGE abundances were determined at the State Key Laboratory of Lithospheric Evolution, IGGCAS, following procedures similar to those described by Pearson and Woodland (2000) .
In brief, about 2 g or 4 g of finely ground sample powder (200-400 mesh), and appropriate amounts of a mixed Pd spike were weighed into a clean, dry, chilled Pyrex® borosilicate glass Carius tube. For 2 g samples, 3 mL of purified concentrated HCl and 6 mL of purified concentrated HNO 3 were added to the tube, and then the tube was sealed (Shirey and Walker, 1995) ; for 4 g samples, the amounts of these acids were scaled up accordingly. The Carius tubes were put in a steel pressure vessel containing water to prevent the explosion of the Carius tubes, as described in detail by Qi et al. (2007) . The digestions were performed at about 250°C for 48-72 h in an oven. After opening the tubes, Os was extracted from the aqua regia solution into CCl 4 (Cohen and Waters, 1996) and then back-extracted into 4 mL of HBr; for 4 g samples, the amounts of CCl 4 and HBr used were also scaled up. The Os samples were further purified via microdistillation (Birck et al., 1997 Os of about 0.16. The blank Os contribution on total Os was less than 1% for all samples and the blank correction was therefore negligible.
Rhenium, Ir, Ru, Pt and Pd remaining in aqua regia were separated from the matrix and purified first by anion exchange chromatography using 2 mL of AG 1 × 8, 100-200 mesh resin. The Re and Ru fraction was further purified using a small anion exchange column packed with 0.2 mL resin (AG 1 × 8, 100-200 mesh), whereas the Ir-Pt and Pd fractions were further purified to remove Zr and Hf using Eichrom®-LN columns. Total procedural blank was about 2-5 pg for Re, 2 pg for Ir, and 15 pg for Ru, Pt and Pd. The maximum blank corrections were b 10% for low-Re samples.
Osmium isotopic compositions were measured at IGGCAS on an Isoprobe-T mass spectrometer operated in negative ion mode (Creaser et al., 1991; Volkening et al., 1991) . Purified Os was loaded onto platinum filaments with Ba(OH) 2 as an ion emitter and measured as OsO 3 − . Most samples were measured using a single ETP multiplier in peakjumping mode, while some samples with relatively high Os concentrations were run in static mode on Faraday cups. The measured Os isotopic ratios were corrected for mass fractionation using 192 Os/ 188 Os = 3.08271 (Shirey and Walker, 1998) . The in-run precisions for Os isotopic measurements were better than 0.2% (2 RSD) for all the samples. During the period of measurement of our samples, the Ru were conducted at IGGCAS using a Thermo-Fisher Neptune Multi-Collector ICP-MS system with an electron multiplier in peakjumping mode or using Faraday cups in static mode, according to the measured signal intensity. The interferences of HfO (on Ir and Pt), ZrO (on Pd) were confirmed to be negligible by scanning on 90 Zr and 180 Hf peaks before sample measurement. Mass fractionation was corrected using Re, Ir, Ru, Pt, and Pd standards that were interspersed with the samples. Some Ru samples were run on the Isoprobe-T mass spectrometer in negative ion mode after a further micro-distillation purification step, following the procedures described by Becker and Walker (2003 (2 RSD). The USGS basalt standard BHVO-2 was measured to monitor the reliability of the whole procedure. The Re, Os, Ir, Ru, Pt, and Pd concentrations and Os isotopic ratio are in agreement with the reported values (Meisel and Moser, 2004; Shinotsuka and Suzuki, 2007) (Table 3 ).
Results

Major and Trace elements
Bulk-rock major and trace element compositions are presented in Table 1 . Consistent with previously reported results (Zhang et al., 1995) (Zhang et al., 1995; Zou et al., 2003; Chen et al., 2007) , the WDLC and EKS basalts have relatively low CaO and particularly low Al 2 O 3 at a given MgO content compared to the basalts from elsewhere in NE China (Fig. 2) . The WDLC and EKS basalts have high rare earth element (REE) and large ion lithophile element (LILE) concentrations. On a chondrite normalized REE diagram (Fig. 3a) , the WDLC and EKS basalts show uniform REE characteristics with strong LREE enrichment ((La/Yb) N = 51.0 ± 2.5). The heavy REEs are also strongly fractionated with (Sm/Yb) N = 9.7 ± 0.6. These samples also have uniform primitive mantle-normalized trace element patterns (Fig. 3b) , with strong LILE enrichment and pronounced enrichment of Pb and K, slight enrichment of Zr and Hf, and significant depletion of U, Th, Nb and Ta. Ce/Pb ratios of these basalts show slight variations (10.6 ± 1.3), and are much lower than the values of ocean island basalt (OIB; 25 ± 5, Hofmann et al, 1986) . The La/Nb ratios of most basalts are greater than 1.2. Ba/Nb ratios range from 23 to 29.
Most WDLC and EKS basalts have low S contents, ranging from lower than 50 ppm to 100 ppm, except for a single LHS sample, LHS-6, having a S content of 140 ppm. These concentrations are much lower than those of mid-ocean ridge basalts (N1000 ppm, e.g., Gannoun et al., 2007) .
Sr-Nd-Hf isotopes
The Sr and Nd isotopic compositions of the WDLC and EKS basalts are listed in Nd ratios range from 0.5123 to 0.5125. The Sr-Nd isotopes of the WDLC and EKS basalts are more evolved (i.e., Sr isotopic compositions are more radiogenic and Nd isotopic compositions are less radiogenic) than those of mantle xenoliths carried in nearby Keluo basalts (Zhang et al., 2000 (Zhang et al., , 2011 and Cenozoic basalts elsewhere in NE China (e.g., Chen et al., 2007; Yan and Zhao, 2008) (Fig. 4a) . The T DM (Nd) model ages of these basalts range from 918 to 1057 Ma. Consistent with previously reported results (Zhang et al., 1995; Zou et al., 2003) Nd, demonstrating Sr-Nd isotope systematics similar to EM1 (Zindler and Hart, 1986) (Fig. 4a) .
The Lu-Hf isotopic compositions of the WDLC and EKS basalts are also listed in Fig. 4b ). In term of Hf isotopes, the WDLC and EKS basalts are also more evolved (i.e., have less radiogenic Hf isotopic compositions) than the mantle xenoliths they host (Zhang et al., 2011) (Fig. 4b) . Similar to Nd model ages, these basalts give uniform T DM (Hf) model ages ranging from 879 to 1076 Ma. On the Hf-Nd isotopic correlation diagram, no obvious Hf-Nd decoupling is seen when compared to MORB or OIB (Fig. 4b) .
Re-Os isotopes
Re-Os isotope data for the WDLC and EKS basalts are given in Table 3 . In general, compared with Cenozoic basalts from other intraplate localities such as Columbia River, Hannuoba, South-Eastern (SE) Australia and Central Europe (Chesley and Ruiz, 1998; McBride et al., 2001; Jiang and Zhi, 2010; Jung et al., 2011) , the WDLC and EKS basalts have higher Os and lower Re contents (Fig. 5a) Os ranges of OIB basalts summarized in Shirey and Walker (1998) and Harvey et al. (2011) , and MORB glass (e.g., Alard et al., 2005) . The only exception is the high Os concentration sample LHS-6. Two analyses of this sample yield low 187 Os/ 188 Os values of 0.1187 and 0.1245, respectively. As shown in Fig. 5b , compared with the Cenozoic continental basalts from Hannuoba, SE Australia and Central Europe (Chesley and Ruiz, 1998; McBride et al., 2001; Jiang and Zhi, 2010; Jung et al., 2011) Os ratio of sample LHS-6R relative to LHS-6 corresponds with a lower Os concentration.
Platinum-group elements (PGE)
PGE data for the WDLC and EKS basalts are presented in Table 3 . In general, the WDLC and EKS basalts have low PGE abundances, ranging from 0.0244 to 0.282 ppb for Ir, 0.0525 to 0.364 ppb for Ru, 0.240 to 0.971 ppb for Pt, and 0.0571 to 0.295 ppb for Pd. Similar to the Re and Os concentration measurements, the PGE abundances in replicate analyses of some samples also vary considerably, far beyond analytical uncertainties (Table 3 ). Despite this, as shown in Fig. 6 , the chondritenormalized PGE patterns (and hence PGE element ratios) are generally reproducible. The WDLC and EKS basalts show only slight PPGE enrichment relative to IPGE ((Pd/Ir) N = 1.9 ± 1.1) (Table 3) . Exceptionally, consistent with its un-radiogenic Os, sample LHS-6 has relatively high Ir and Os concentrations relative to Pt and Pd (Fig. 6) . Additionally, sample LHS-6 and LHS-6R (particularly LHS-6) have elevated Os/Ru and Os/Ir ratios compared to those of the other samples.
Discussion
PGE and Os isotope heterogeneity in the WDLC and EKS basalts
Mantle sulphides and refractory PGE-rich alloys have parts-permillion (ppm) to weight percentage (wt.%) concentrations of PGE (e.g., Lorand and Alard, 2001; Walker et al., 2002; Pearson et al., 2004; Lorand et al., 2010 Lorand et al., , 2013 , making them prime candidates for a source of a possible "nugget effect". For example, a 20 μg mantle sulphide with an Os concentration of 20 ppm (e.g., Alard et al., 2000 Alard et al., , 2002 Pearson et al., 2002; Harvey et al., 2006 Harvey et al., , 2010 Harvey et al., , 2011 Lorand et al., 2013) contains twice as much Os as 2 g of basalt with an Os concentration of 100 ppt. Therefore, the heterogeneous distribution of a component that contains anomalously high Os (+ PGE) abundances throughout the sampled rock powder could account for the observed heterogeneities in replicate basalt analyses (Table 3) . Although no discrete sulphide or PGE alloy grains have been observed in the WDLC and EKS basalts, a "nugget effect" due to incorporation of such mantle phases during the ascent of basalt through the SCLM should be considered. Indeed, the inclusions enclosed in xenocrystic material in basaltic lavas have been previously suggested as a mechanism to account for unradiogenic 187 Os/
188
Os and elevated Os concentrations (e.g., Widom et al., 1999; Jackson and Shirey, 2011) .
Although analyzed samples of the WDLC and EKS basalts were hand-picked to avoid obvious xenolith debris, microprobe analyses of olivine "phenocrysts" showed that minor proportions of the olivines are mantle xenocrysts (i.e., a few olivine grains from samples LHS-4 and KD-4 have Fo N 90, CaO b 0.10 wt.% (Table S1 ), cf., Sobolev et al., 2007; Jackson and Shirey, 2011) . Any sulphides hosted within xenocrystic grains (e.g., Burton et al., 1999) would not have the opportunity to become dispersed within a larger volume of melt. If its host was not recognized as xenocrystic at the time of basalt preparation, this could readily account for the elevated Os (+ IPGE) abundance and unradiogenic 187 Os/ 188 Os in some WDLC and EKS samples, especially for LHS-6. Moreover, the WDLC and EKS basalts with relatively high Ni and S content have the highest Os concentrations and least radiogenic Os isotopic compositions ( Fig. 7a-d ), also consistent with the incorporation of sulphide. Since it is possible that refractory alloys could be mechanically transported in an ascending melt (e.g., Ballhaus et al., 2006) , the heterogeneous distribution of refractory alloys may also be possible to cause the "nugget effect" in WDLC and EKS samples. This is supported by the relatively low Pt and Pd concentrations relative to Ir and Ru in these samples compared to OIB and MORB (especially LHS-6) (Fig. 6 ). In addition, Cr-spinel xenocrysts, of probable mantle origin, are observed in sample LHS-4 (Fig. S1b) . Although spinel itself is more Os-rich than silicate mantle phases (Burton et al., 1999; Harvey et al., 2010 Harvey et al., , 2011 , it is unlikely to account for a significant proportion of mantle-derived PGE itself. Consequently, it appears that sulphides or PGE alloys enclosed in xenocrysts are the most likely candidates for the heterogeneity for PGE concentrations and Os isotopic compositions in the WDLC and EKS basalt. Although the incorporation of moderately radiogenic, interstitial metasomatic sulphides from the SCLM also seems to be a plausible source of heterogeneity, in all likelihood those sulphides would be dissolved by a S-undersaturated melt (Reisberg et al., 2005; Sen et al., 2011) and its PGE budget homogenized within a relatively large volume of melt compared to the volume of sulphide dissolved. It seems that this Zou et al. (2003) and Chen et al. (2007) ; Crosses: data for basalts from NE China elsewhere (Chen et al., 2007; Yan and Zhao, 2008). process would not account for the PGE heterogeneity between different powder splits of the same sample.
Crustal contamination
Since basaltic magmas have high concentrations of lithophile elements, Sr-Nd-Pb-Hf isotopes and lithophile elements are not particularly sensitive to minor crustal contamination. This will be especially true for the LILE-and LREE-rich WDLC and EKS basalts. However, even minor amounts of crustal contamination have the potential to significantly alter the Os isotopic composition of a basaltic magma with low Os concentrations (cf., Lassiter and Luhr, 2001; McBride et al., 2001; Xu et al., 2007; Qi and Zhou, 2008; Jung et al., 2011) . It is possible that some of the low Os WDLC and EKS basalts have been affected by crustal contamination during magma ascent, in particular, at degrees that are not easily detected using lithophile elements. Therefore, the 187 Os/ 188 Os and PGE systematics of the WDLC and EKS basalts potentially allow this small degree of crustal contamination to be quantified. As argued above, it is possible that some WDLC and EKS basalts have incorporated some primary sulphides (sulphides enclosed in silicate minerals, i.e., Os-rich, Re-poor, evolving in low-Re environment and preserving unradiogenic osmium isotope ratios) or PGE alloys of SCLM origin during magma ascent. Moreover, most of these basalts have relatively low MgO contents (Table 1) and are thus unlikely to be primary melts, suggesting that Os concentrations in the WDLC and EKS basalts were also likely to be strongly affected by differentiation. Consequently, it is likely that the basaltic magmas arrived in the crust with a range of Os concentrations. As a result, it is difficult to constrain the degree of crustal contamination by assimilation-fractional crystallization (AFC) modeling (DePaolo, 1981) . Nevertheless, as shown in Fig. 8 Os and 1/Os (R 2 = 0.47), demonstrating that it seems likely that the WDLC and EKS basalts have been affected by minor crustal contamination during magma ascent. Normally, an Os isotope ratio c. 0.128 is considered to be representative of the parental basaltic magma as suggested by previous studies (e.g., McBride et al., 2001; Xu et al., 2007; Jiang and Zhi, 2010; Jung et al., 2011) . Therefore, we assume the parental magma of the WDLC and EKS basalts to have roughly a 187 Os/ 188 Os of c.
0.128, but with varying Os concentrations (about 0.03-1.6 ppb, based on samples analyzed in this study, Table 3 ) when they arrive in the lower crust. Consequently, if an Os isotope ratio of 0.8 and Os concentration of 49 ppt is taken as being representative of the lower crust (Saal et al., 1998; Chesley et al., 2002) , the degree of crustal contamination observed in the WDLC and EKS basalts can be modeled by simple binary mixing. It is found that the addition of (Chesley and Ruiz, 1998) ; Keluo mantle xenoliths (Zhang et al., 2011) ; MORB and OIB fields are from Shirey and Walker (1998) Os ratios are all age-corrected values. Fig. 4 . Sr-Nd (a) and Hf-Nd (b) isotope diagrams for WDLC and EKS basalts. In (a): literature data for WLDC and EKS basalts are from Peng et al. (1986) , Basu et al. (1991) , Zhang et al. (1995 Zhang et al. ( , 1998 and Zou et al. (2003) ; Field for lower continental crust (LCC) in WDLC and EKS area is based on Wu et al. (2003) . Field for Cenozoic basalts in eastern China is based on Chen et al. (2007) and Yan and Zhao (2008) ; MORB, OIB, BSE, EM1 and EM2 end members are from Zindler and Hart (1986) . In (b): MORB and OIB fields are based on Salters and White (1998) about only 3.5% of lower crust can replicate the observed covariation between 187 Os/ 188 Os and 1/Os (R 2 = 0.47; Fig. 8 ) fairly well. Nonetheless, as shown in Fig. 8 , it is possible that some samples, especially from different volcanoes, have experienced different degrees of crustal contamination ranging from 2% to 8%. The rough correlation between the Pd/Ir and 187 Os/ 188 Os (Fig. 9 ) (R 2 = 0.39) is also consistent with minor crustal contamination in some basaltic melts, since the samples with high Pd/Ir ratios are a result of low Ir contents, not high Pd contents. Nevertheless, there remains the possibility that some samples with radiogenic Os isotopes, which plot above the line for 3.5% of crustal contamination, result from preferential melting of interstitial sulphides (sulphides occurred along boundary of mineral grains, Re-rich, Os-poor, evolving in high-Re environment and having variable and radiogenic osmium isotope ratios) in a metasomatized mantle source (Alard et al., 2005; Schulte et al., 2009; Harvey et al., 2011) and/or the addition of minor SCLM-derived interstitial sulphides during magma ascent (e.g., Sen et al., 2011) . This is particularly true for the YQ samples, as reflected by their radiogenic Os but relatively high Os concentrations. However, we still prefer that the YQ samples have experienced a larger degree of crustal contamination since their Pd contents are low. In contrast, the samples which plot below the line for 3.5% crustal contamination are probably due to the incorporation of SCLM-primary sulphides.
Addition of minor amounts (2-8%) of lower crust would not have much effect on incompatible elements and Sr-Nd-Pb-Hf isotopic ratios for the LILE-and LREE-rich WDLC and EKS basalts. For example, if we assume the local lower crust having Nd concentration of 20 ppm (Rudnick and Gao, 2003) and Nd of the WDLC and EKS basalts of about 0.000007. Similarly, incorporation of primary mantle sulphides or the addition of metasomatized sulphides would also have negligible effect on the lithophile element systems and Sr-Nd-Pb-Hf isotopes. As a result, no correlation exists between Os isotopic compositions and incompatible trace element ratios such as Ce/Pb and La/Nb, and Sr or Nd or Hf isotopic compositions (not shown); indeed, there are very limited variations in Sr-Nd-Hf isotopes and Ce/Pb and La/Nb ratios, especially for YQ samples (Tables 1 and 2 ).
Source of the WDLC and EKS basalts-SCLM vs. asthenosphere
It is highly debated that the EM1-like features of the Cenozoic basalts in NE China originated from either the SCLM or the asthenospheric mantle (e.g., Song et al., 1990; Basu et al., 1991; Zhang et al., 1995; Zou et al., 2003; Choi et al., 2006; Xu et al., 2012; Kuritani et al., 2013) . Based on the highly potassic, LREE and LILE-enriched trace elemental characteristics, the strong fractionation of the heavy REE (HREE), low Al 2 O 3 content at a given MgO, significant excesses in 230 Th, and Sr-Nd-Pb isotopic characteristics, Zhang et al. (1995) and Zou et al. (2003) suggested that the WDLC and EKS basalts were likely produced by small-degree melting of phlogopite-bearing garnet peridotite in metasomatized SCLM. The presence of garnet constrains the depth of the magma source to 80-120 km (Zou et al., 2003) . However, several studies have suggested that delaminated cratonic lithosphere from eastern China may exist locally in the shallow asthenosphere beneath NE China (e.g., Xu et al., 2005; Choi et al., 2006) and that basalts from this region may preserve evidence for re-melting of this reservoir. They argued that the asthenospheric mantle beneath eastern Asian is characterized by two distinct, large-scale domains-one a mixture of DMM and EM1 components, and the other a mixture of DMM and EM2. More recently, some authors (Xu et al., 2012; Kuritani et al., 2013) argued that the Cenozoic basalts in NE China originated from an asthenospheric mantle source containing recycled oceanic crust materials. They suggest that the subducted Pacific slab (Huang and Zhao, 2006) and/or the stagnant ancient Pacific slab (Kuritani et al., 2011) in the mantle transition zone have contributed to the Cenozoic magmatism in NE China. This is reasonable as the re-melting of upwelling asthenospheric mantle containing recycled oceanic or lower continental crust has widely been invoked to account for the evolved Sr-Nd-Hf isotopic composition of intraplate basalts (e.g., Sobolev et al., 2007; Chen et al., 2009; Zhang et al., 2009; Xu et al., 2012) . As discussed above, crustal contamination has not played an important role in the formation of the WDLC and EKS basalts. Therefore, consistent with previous studies (Zhang et al., 1995; Zou et al., 2003) , data obtained in this study, including low Al 2 O 3 content at a given MgO (Fig. 2a) , high K content, LREE and LILE-enriched trace elemental characteristics (Fig. 3a, b) , particularly strong fractionation of the heavy REE ((Sm/Yb) N = 9.7 ± 0.6), EM1-like Sr-Nd-Hf isotopic characteristics (Fig. 4a, b) , all suggest that the WDLC and EKS basalts mainly originated from a phlogopite-bearing garnet peridotite in the SCLM. The presence of phlogopite and rutile in some Keluo and WDLC xenoliths (Zhang et al., 2000 (Zhang et al., , 2011 also supports that the SCLM beneath WEK area has been metasomatized by K-rich silicate melt.
In the model involving delaminated ancient SCLM from eastern China that exists locally in the asthenosphere beneath NE China (Choi et al., 2006) , amphibole and phlogopite will breakdown at high pressure (N3 GPa) and are thus not considered to be stable in the asthenospheric mantle (Class and Goldstein, 1997) . Moreover, a delaminated ancient SCLM from eastern China is also unlikely to be the source material for the EM1-like signature because the delaminated Archaean SCLM beneath eastern China does not have an EM1-like composition (e.g., Chu et al., 2009 and references therein) . Therefore, it seems plausible that phlogopite-bearing metasomatized SCLM rather than an asthenospheric source containing fragments of delaminated ancient cratonic mantle may provide a source for the WDLC and EKS high-K basalts (Fig. 9 ).
In the model that the potassic-and EM1-like natures of the basalts originated from the mantle transition zone, which has been metasomatized by K-rich sediment-derived fluids~1.5 Ga ago through the stagnation of an ancient slab and further recent hydration by the stagnation of the subducted Pacific slab (Kuritani et al., 2013) , it is difficult to envision such a process because of the great distance (N2000 km) between the WEK provinces and the active Pacific subduction zone (Japan Arc) (Zhang et al., 1998; Zou et al., 2003) in western NE China. Significant 230 Th enrichments in WDLC basalts also suggest that the source rocks were not metasomatized by fluids released during recent (b 350 ka) subduction of Pacific sediments (Zou et al., 2003) . Furthermore, it has long been recognized that LILEs, such as Ba, Rb, and Sr are fluid-mobile and have elevated concentrations in sub-arc environments, while fluid-immobile elements such as Nb and Ta, are largely unaffected by contributions of fluids from the subducting slab (Arculus and Powell, 1986) . A mantle source which has been metasomatized by a subduction-related fluid would be enriched in radiogenic Os (Brandon et al., 1996; Widom et al., 2003) . Due to the effect of preferential melting of metasomatic components for Os isotopes (e.g., Harvey et al., 2011; Sen et al., 2011) , melting of such a mantle source would produce melts with slightly increasing
187
Os/
188
Os along with increasing Ba/Nb (Chesley et al., 2002) . Such a trend is absent in the WDLC and EKS basalts (Fig. 10) . In contrast, some samples especially YQ samples with high Consequently, it seems most likely that the WDLC and EKS mainly originated from low degree melting of a SCLM source metasomatized by an EM1-like signature, rather than an EM1 signature asthenospheric mantle source.
In terms of Os isotopes, the WDLC and EKS basalts generally have unradiogenic to moderately radiogenic Os isotopic compositions ( 187 Os/ 188 Os = 0.1187-0.17). In principle these relatively OIB-like
Os isotopic values are not inconsistent with an asthenospheric origin (Liu et al., 2008; Harvey et al., 2011) . However, as discussed before, the measured Os isotope ratios cannot be attributed solely to the (1) Os values have been elevated by up to 2-8% crustal contamination and/or the effects of incorporating metasomatic sulphide en route to the surface, while the most unradiogenic values may be deceptively low because of the incorporation of xenocryst-hosted primary sulphide. Similarly, the relative flat PGE patterns ((Pd/Ir) N =1.9 ± 1.1) compared to MORB and OIB (Fig. 6 ) could indicate the contribution of a SCLM source for the WDLC and EKS basalts and, like Os isotope ratios, can also be interpreted in a number of ways. Therefore, notwithstanding the clear utility of Os isotopes and PGE in fingerprinting the sources of basalts that have not experienced complex histories (cf., Shirey and Walker, 1998; Day, 2013) , these tools do not unequivocally distinguish between an asthenospheric and a lithospheric source for the WDLC and EKS basalts.
Nature of the SCLM underlying the WEK area
As discussed above, the WDLC and EKS basalts mainly originated from the underlying SCLM. Despite this, as the WDLC and EKS basalts have more evolved Sr-Nd-Hf isotopic signatures than those of mantle xenoliths carried in nearby Keluo highly potassic basalts (Zhang et al., 2011) (Fig. 4a,  b) , the role of peridotite with the composition similar to that of Keluo xenoliths can be largely discounted in the petrogenesis of the WDLC and EKS basalts. Moreover, since the Keluo xenoliths mainly comprise spinel lherzolites and harzburgites with minor dunites and wehrlites, they should have been located in the SCLM above the source of the WDLC and EKS basalts (garnet peridotites). Therefore, it is possible that the lithospheric mantle underlying the WEK area is layered, at least in terms of Sr-Nd-Hf isotopes, i.e., the lower part of lithospheric mantle (the potential source of the WDLC and EKS basalts) has more radiogenic Sr and less radiogenic Nd and Hf than the upper part of lithospheric mantle (represented by the Keluo mantle xenoliths), despite their similar Nd and Hf model ages (Zhang et al., 2000) (Table 2) .
The crustal growth in XMOB during the Phanerozoic is significant, as reflected by the radiogenic Nd-Hf isotopic compositions of granites in the area (e.g., Wu et al., 2003; Zhang et al., 2010) , while the potassic rocks originating from the underlying SCLM have EM1-like Sr-Nd-Hf isotopic signatures as demonstrated above. This suggests that the SCLM beneath the WEK area is decoupled from the overlying crust.
Previous studies argued that the SCLM beneath the Phanerozoic XMOB is ancient and have been metasomatised extensively by SiO 2 -undersaturated potassic magma that was likely generated from low-degree partial melting of deep asthenosphere during the Proterozoic (Zhang et al., 1995 (Zhang et al., , 2000 Zou et al., 2003; Zhang et al., 2011) .
EM1-like signatures of the WDLC and EKS basalts cannot be owed to metasomtism by melts derived from subducted oceanic crust related to the closure of the Paleo-Asian Ocean in the Paleozoic and Paleo-Pacific Ocean during the Mesozoic. Their isotopic compositions fall outsides the range for those of oceanic basalts and MORB that are believed to be derived primarily from the asthenospheric mantle. Especially, the very unradiogenic Pb isotopic signatures of the potassic rocks ( 206 Pb/ 204 Pb = 16.3-17.3), which require a long-term residence (N 2 Ga) of low U/Pb in the mantle source, indicate that at least the Pb isotopic signatures of the WEK basalts cannot be attributed to modifications by Phanerozoic subduction events in the region (Zhang et al., 1998) . On the other hand, the partial melting of peridotite cannot cause a large U/Pb fractionation and, therefore, the melt generated from low-degree partial melting of asthenosphere cannot have a significantly different U/Pb ratio from that of the depleted mantle (Kuritani et al., 2013) . Therefore, it is also difficult to derive the very unradiogenic Pb isotopic signatures of the potassic rocks ( 3) with the model presented by Zhang et al. (1995) and Zou et al. (2003) .
As lower continental crust is known to be depleted in U relative to Pb (e.g., Rudnick and Gao, 2003) , given enough time it will develop unradiogenic Pb isotopic compositons. Consequently, based on low Ce/Pb (~9.4-13.5) and EM1-like Sr-Nd-Hf isotopic signatures, in conjugation with low Pb isotope ratios ( Zhang et al. (1995) and Zou et al. (2003) , different from the previous studies (Zhang et al., 1995 (Zhang et al., , 1998 Zou et al., 2003; Kuritani et al., 2013) , we suggest that the mantle source of WDLC and EKS basalts have been metasomatised by recycled old lower continental crust materials (i.e., an EM1-like signature). It is likely that some pyroxenite would be formed in the SCLM if mantle peridotite was metasomatised by melt containing a contribution from lower crustal materials (e.g., Xu, 2002) . Some pyroxenite xenoliths were found in WEK basalts (Zhang et al., 2000) , consistent with such an explanation. This is also supported by the relatively low CaO abundance at a given MgO (Fig. 2b) for the WDLC and EKS basalts, as melts of pyroxenite are generally low in CaO owing to the dominant effect of residual clinopyroxene (e.g., Herzberg, 2011) .
It is likely that the present lower crust in XMOB is significantly different from earlier crust at this locality. As there are probably some Precambrian fragments present in NE China (Wu et al., 2003; Meng et al., 2010) , it is likely that the original crust in WEK area was old. It is possible that the original lower crust together with SCLM foundered probably during lithospheric thinning in eastern China that started in the Mesozoic. The delamination of the old lower crust is probably related to the multiple subduction events in this region. Subsequently, the newly-formed SCLM beneath the WEK area was metasomatised by melt contributed from the delaminated lower crust. The whole SCLM beneath the WEK area was extensively and contemporaneously metasomtised as reflected by the similar Nd (Hf) model age between the mantle xenoliths (Zhang et al., 2000 (Zhang et al., , 2011 and the potassic basalts (Table 2) in this area. It is possible that the lower part of the SCLM have been affected more strongly than the upper part of the SCLM. This metasomatism leads to the SCLM underlying the WEK area having more radiogenic Sr and less radiogenic Nd and Hf isotopic compositions than the overlying Phanerozoic crust.
Conclusively, consistent with previous studies (Zhang et al., 1995 (Zhang et al., , 1998 Zou et al., 2003) , we suggest that the WDLC and EKS basalts originated from phlogopite-bearing garnet peridotite within the SCLM. During low degree of the partial melting of the SCLM, metasomatic components such as phlogopites are easily melted and their high-K characteristics exported into the WDLC and EKS basalts (Zou et al., 2003) . In contrast, garnet is mainly retained in the mantle source. This leads to significant 230 Th excess in the WDLC and EKS basalts (Zou et al., 2003) . Similarly, hafnium isotopes could uniquely trace contributions from the SCLM if melts are derived from garnet-bearing SCLM (Jung et al., 2011 Nd (e.g., Salters and Zindler, 1995; Bizimis et al., 2007; Chen et al., 2009 ). However, the WDLC and EKS potassic lavas have very low Lu/Hf ratios (Table 2 ) and do not show Hf-Nd isotope decoupling on Hf-Nd correlation diagrams (Fig. 4b) . This also indicates a low degree melting of the phlogopite-bearing garnet peridotites, and consequently the Lu-Hf isotopic signature of garnet in the SCLM has not been exported into the resulting basaltic magma.
Concluding remarks
( Pb ratios, it seems likely that the source of WDLC and EKS basalts is SCLM that has been metasomatized by delaminated old lower continental crust materials. Furthermore, since the WDLC and EKS basalts have more radiogenic Sr and less radiogenic Nd-Hf isotopic compositions than the SCLM xenoliths carried in nearby Keluo highly potassic basalts, the lithospheric mantle underlying the Wudalianchi-Erkeshan-Keluo (WEK) area is likely layered, at least in terms of Sr-Nd-Hf isotopes.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.chemgeo.2013.08.007.
